We describe a new method for embedding small specimens in polyethylene glycol (PEG) 4000. This method preserves cell morphology and provides sensitive immunocytochemical labeling with excellent subcellular resolution. Small tissues are embedded in agarose so that they can be grouped together and oriented for sectioning before infitration with PEG 4000, a water-soluble polymer. Fixation, embedding, sectioning, and staining can be performed in 1 day. Results
-ntroduction
Polyethylene glycol (PEG), a water-soluble polymer, has become popular as an embedding medium for tissue specimens (1). Although used since the 1950s (2-7), there were many problems with sectioning and mounting procedures and PEG had few advantages over paraffin. However, there is renewed interest in PEG because it can be used for conventional transmission electron microscopy (8-IO), light and electron microscopic immunocytochemistry (11) (12) (13) (14) (15) (16) (17) (18) , and in situ hybridization (19) .
For immunocytochemical procedures, localization of cell constituents depends on preservation of cells and tissues without destruction of antigenic sites and on the ability to obtain thin sections for good subcellular resolution. Cryostat sections provide tissue specimens that have been minimally fixed with little or no exposure to organic solvents (during infiltration, embedding, and removal of embedding media before processing), and therefore allow the most sensitive immunocytochemical localization. Unfortunately, the tissue sections are thick and the cells are often damaged during freezing, both of which result in poor cell structure and subcellular resolution of the labeling. Moreover, use of the same specimen over a long period of time is cumbersome, because tissue specimens must be stored frozen. Paraffin sections, on the other hand, provide specimens in which cell structure may be better preserved, but sections are still relatively thick. In addition, exposure to chem- icals that destroy antigenic sites is increased through the infiltration and embedding processes and subsequent removal of wax.
Araldite and h i c r y 1 are plastic resins that can be thin-sectioned; however, they also present problems. In both, specimens must pass through organic solvents during processing. For araldite sections, the plastic must be removed before labeling with antibodies. For Lowicryl sections, the plastic may remain in place during labeling but the antibodies stain only the part of the tissue specimen at the exposed surface of the section, thus decreasing the amount of labeling. In all of these techniques, handling of one or more very small specimens is difficult. Therefore, we set out to explore alternative embedding methods for immunocytochemical analysis of small specimens to better study the presence of actin and tubulin in the sensory cells of the inner ear.
We chose PEG because we could design protocols that could be varied to suit our needs. We concentrated on PEG with a molecular weight of4000, since it is possible to obtain 1.0-0.5-pm-thick sections. Although the lower molecular weight PEGS (200-600) melt at room temperature (RT), they are extremely hydroscopic and specimens must be cut on a cryostat (14) . Specimens embedded in PEG 1000 can be hardened at temperatures below 39"C, but because of the softness of the PEG this method works well only for a limited range of tissues (17) . The higher molecular weight PEG (6000) melts and remains liquid only at temperatures too high (80°C) for processing tissue specimens without causing damage. Wolosewick and deMey (12) were the first to utilize PEG 4000 for immunocytochemical staining. Since then, mixtures of PEG of differing molecular weights have been used to control embedding temperature and sections thickness (13) .
We have adapted the PEG method for use on small specimens (including isolated cells) so that they are not lost during processing and can easily be oriented. In all cases, we have found that the best subcellular resolution for immunocytochemistry using fluorescent probes is obtained from O.>-pm sections. In addition, our methods differ from those previously described in that aqueous solutions containing low concentrations of PEG are used at RT. Therefore, specimens are never exposed to organic solvents and are kept at 60°C for only short periods of time. This simplified method using PEG 4000 is easier and faster than methods we have used in the past for immunocytochemical staining. Labeling with antibodies to actin is better, giving a more intense fluorescence than semi-thin sections of unfixed araldite-embedded tissues (20) (21) (22) and fixed Lowicryl-embedded (23,24) tissue. For the first time, large accumulations of actin in the supporting cells of the organ of Corti have been localized.
Materials and Methods
Because the method requires using agarose and PEG at temperatures close to those that cause them to solidify, procedures are described in detail. Variations of the method are described at the end of each of the different sections. Use and care of animals used in this research conformed to the rules and regulations of the IACUC at Syracuse University.
Tissue Fixation. Specimens were obtained from Hartley guinea pigs (200-300 g) or gerbils (65-70 g) that were anesthesized with sodium pentobarbital. Tissue fixation was accomplished by cardiac perfusion of the appropriate fixative andlor immersion of small tissue pieces. Immersion fixation of the inner ear was necessary because the sensory cells of the cochlea are damaged by even a few minutes of anoxia. Specimens enriched in actin were chosen as controls.
Tissues were fixed in freshly made 3-4% paraformaldehyde (from powder), 0.1% glutaraldehyde (from 50% stock) in 0.1 M phosphate buffer, pH 7.2. Tissue samples of skeletal muscle, small intestine, bladder, and brain (cerebellum) were trimmed into small pieces with their longest dimensions about 3 mm and were immersed in fixative. If the various tissues are cut into different shapes, they can be distinguished later (both for tissue identification and for orientation), even if they have been placed together in one vial for processing. Specimens from the inner ear were fixed by making holes in the apex, base, and oval window of the cochlea and gently perfusing the fixative through the opened compartments in the base. The specimens were fixed for 2-24 hr at RT. After fixation, tissues were washed in phosphate buffer. The sensory epithelium of the cochlea was dissected out from the bony capsule. Because it is not possible to remove all bone from the specimens, small pieces were decalcified overnight in 5% ELITA in 0.1 M phosphate buffer. Control specimens were either processed for embedding immediately, left in buffer wash overnight, or incubated in EDTA along with the cochlear specimens.
Freshly made paraformaldehyde (with no added glutaraldehyde) is adequate for maintaining the cell structure of most tissues throughout the PEG embedding process. However, the sensory cells of the inner ear are fragile and require 0.1% glutaraldehyde. If the antibody to be used requires that glutaraldehyde be omitted or if cell structure is not adequately preserved, formaldehyde-fixed specimens can be additionally dehydrated in ethanol (30-100% ethanol) before infiltrating the specimen with increasing concentrations of PEG in ethanol (25% PEG at 40"C, 50% at 40"C, 7 5 % at 60°C 100% at 60°C). bedded in agarose first, which allows several specimens to be placed in one block and oriented in the same direction. A 1.5% aqueous solution of Sea Plaque Agarose (FMC Corporation; Rockland, ME) melts at 60°C and stays liquid at 37°C. The melted agarose was placed on a glass slide, contained within a small plastic ring, and kept on a heating block at 37°C under a dissecting microscope
The specimens were placed in the agarose and maneuvered with a small eyelash into a group with the proper orientation. The mold was placed on a cool surface and the agarose hardened at 18'C. Alternatively, isolated cells were suspended in the agarose and pelleted, afrer which the agarose was hardened. The agarose was trimmed with a scalpel into a block approximately 2 mm wide x 2 mm thick x 4 mm long. The end opposite the specimen was trimmed to form an angle (to designate that it was the nonspecimen end) and the end containing the specimen was flat (to be parallel to the knife edge).
The specimens were infiltrated with aqueous solutions containing increasing concentrations of PEG 4000 (Polysciences; Warrington, PA), as shown in Figure 9 . PEG is melted at 70°C in scintillation vials kept at constant temperature in a heating block (Multiblock heater; Labline) or oven. In either case, an aluminum block with holes of appropriate size to hold scintillation vials was used as a heat sink. For each specimen to be processed, five scintillation vials were used; each containing increasing amounts of PEG powder. The melted PEG was combined with appropriate volumes of distilled water to yield 25%, >O%, and 75% aqueous PEG solutions. The 100% PEG was undiluted. When the solutions were well mixed and clear, the 25% and 50% PEG solutions were cooled to RT, the 75% PEG solution was placed at 40"C, and the 100% PEG solutions cooled to 60°C.
The specimens were washed in phosphate buffer and infiltrated with aqueous solutions containing increasing concentrations of PEG for 1 hr each at the proper temperature (with occasional agitation). Solutions were removed with a pipette and replaced with new solutions. After infiltration with 100% PEG, each specimen was lifted from the vial using a heated meral spatula and placed momentarily on a lint-free tissue to remove the excess PEG, leaving the shape of the specimen clearly defined. The specimen was lifted back onto a dry metal spatula and the spatula was placed on a piece of dry ice to harden the PEG. If the tissue is allowed to cool slowly at RT the PEG will crystallize and the specimen will crumble. For small specimens in agarose that appear to be totally invisible when the agarose becomes clear, it was necessary to remove the specimen from the vial on the heating block under a dissecting microscope so that the vial could be reheated if the PEG began to solidify. The hardened tissue was placed in a labeled gelatin capsule and stored at RT. If the relative humidity is greater than 40%, specimens should be stored in a dessicator.
Sectioning. Each piece of tissue (or the pointed end of the agarose block that does not contain the specimen) was embedded in a pillow of paraffin on the end of a metal or epoxy resin stub that fitted into the specimen holder for the microtome. A heated spatula was used to remelt the paraffin and/or to add additional melted paraffin to ensure that the specimen was held securely in place. The specimen to be sectioned should project up from the paraffin, and if necessary it should be trimmed with a razor blade so that there is no paraffin near the block face and no PEG other than what has infiltrated the tissue or agarose remains.
Using a dry glass knife, the block face was made smooth in 2-11m advances of the knife. When the block face was clean and the part of the specimen af interest was reached, the edge of the knife was gently brushed clean with a dry camel hair brush and then wiped with a small brush dipped in chloroform (makine sure that the specimen was well below the knife " Method for Embedding Tissue in PEG. For most of the control tissues, the specimens are large enough to process and orient properly. However, if single cells or several small specimens are used, it is not possible to orient the specimen block in the desired sectioning plane after the PEG hardens and becomes opaque. To solve this problem, the fixed specimens were em-edge so that the fumes did not soften the PEG). After this, the specimen was advanced in 0.5-pm increments and the translucent sections were teased off the knife with an eyelash or fine hair (cat whisker). It was also used to prevent sections from rolling or to tease up sections that were sticking to the knife. At high temperature or humidity, it was necessary to adjust the setting on the microtome because the PEG was softer and more hydrated. In a cooler or drier environment the sections were easier to cut but were influenced by static electricity and air currents. The best sections were shiny and almost transparent.
The sections were lifted with forceps onto a small drop of water on a subbed slide. For immediate viewing, slides were dried on a heating plate and the sections stained with methylene blue or other stains suitable for light microscopy. For immunocytochemistry, the slides were allowed to dry at RT they were stored at RT or used immediately. Unstained sections were checked before immunocytochemical staining to make sure that areas of interest were present or well represented. Phase optics were used or the brightfield condenser was lowered and the iris diaphragm closed to increase contrast. The PEG dissolved away from the specimen, but it was possible to see the ring that defined where the water droplet had been present and the individual tissue sections within the center of the ring.
A small circle drawn with a permanent marking pen on the undersurface of the slide facilitated localization of the sections after immunocytochemistry. A circle drawn with a PAP pen around the sections on the top surface of the slide contained the small quantities of solutions. To start the immunocytochemical reaction, it was necessary only to place the standard blocking solution on the slide and then to add to that the primary antibody at the appropriate final dilution. Subsequent steps were the same as used for conventional immunocytochemistry (incubation, wash, block, secondary antibody, wash, coverslip, and observe).
Method for Embedding Specimens in Plastic. Tissue specimens, with or without agarose, were taken from the buffer, dehydrated through ascending concentrations of ethanol, through propylene oxide, and into Fluka Durcopan ACM (Polysciences) as previously described in detail ( 2 5 ) and shown in Figure 1 . The specimens were placed in embedding molds and the resin cured for 5 days at 45°C. The blocks were placed in the specimen holder of a microtome, 1-pm sections were cut with a glass knife, and the sections were floated onto water. The sections were lifted from the water with a stiff hair or pointed probe and placed a drop of distilled water on a subbed sIide. The sections were dried onto the slide at RT and circled on the undersurface of the slide with a diamond scribe.
A solution of 1 part (ml) propylene oxide:l part (ml) absolute ethanol: 1 pellet sodium hydroxide, of sufficiently large volume to cover sections on the slides, was mixed together in a loosely covered container (Coplin jar) with a magnetic stir bar for 10 min. Two slides at a time were inserted into the Coplin jar, each with sections facing towards the center on either side of the spinning stir bar. Slides were left for 10 min in the covered jar, after which each slide was quickly removed, squirted on both sides with absolute ethanol, and placed in a Coplin jar with absolute ethanol. Slides were then rehydrated through descending concentrations of ethanol to water and placed in PBS. The PBS was shaken off the slide, the area with the sections was circled with the PAP pen, and the blocking solution applied.
Immunocytochemistry. Antibodies to actin (monoclonal N350; Amersham, Arlington Heights, IL), and to tubulin (AB935; Chemicon, El Segundo, CA) worked well under a variety of fixation and embedding conditions and have been fully characterized by us on immunoblots of control tissues and on tissue sections (25.26). A small amount of each antibody, diluted 1:lOO with PBS, was placed over the sections and the slides were incubated in a humid chamber overnight. Slides were washed for 20 min in two changes of PBS for 10 min each. A suitable blocking solution was applied again over the sections and the secondary antibody (anti-mouse antibodies coupled to FIK or rhodamine; Accurate Chemicals, Westbury, NY) at a dilution of 1:200 in PBS was applied for 30 min. After two PBS washes for 10 min each, the slide was rinsed quickly with a gentle stream of distilled water and air-dried. As a positive control, sections were incubated in secondary antibody with incubation in primary antibody omitted.
Slides were stored in this condition in the dark for several days (even months). Before observation, sections were covered with a drop of glycero1:phosphate buffer: N-propyl gallate (27) and coverslipped. Photographs were taken with a h i s s Axioskop microscope, with a 100-W uv light source and a x 40 oil objective lens, using TMax 400 film developed according to instructions. With some antibodies, labeling was stable for days to months, particularly if the coverslips were removed before storage and the slides were rinsed quickly in distilled water. The slides can be stored for later observation or can be used to double label with other antibodies. We have found that when fluorescein has faded during photography, often the original intensity is regained after overnight storage of the dry slides in the dark. r t I Figure 2 . Localization of actin on a section of small intestine from (a) a plastic-embedded specimen is compared with that from (b) a PEG-embedded specimen.
In both, the microvilli and terminal web (small arrows), and the lacteals and smooth muscle cells (asterisk) in the villi are labeled fluorescently. Only in the PEG section (b) is the cortical network beneath the plasma membrane stained (large arrow). Bar = 20 pm.
Results
The results from the immunocytochemical studies were striking, with the PEG-embedded tissues always giving much more sensitive staining than those embedded in plastic, even when the plastic had been removed. These results, coupled with a protocol that requires many fewer steps (see Figure 1 ) and can be carried out over a much shorter period of time, have convinced us to use this technique routinely. For specimens of small intestine stained with antibodies to actin, there are qualitative and quantitative differences in labeling between the PEG-and the plastic-embedded sections. In the plastic-embedded sections (Figure 2a ), fluorescence indicating the presence of actin was located over the microvilli and terminal web in the brush border and in the central portion of each villus, in the lacteals. In the PEG-embedded sections (Figure 2b ) fluorescence staining was present, although much more intensely, in all of these regions. In addition, the cortical network of actin filaments along the cell membrane was also prominently stained.
When sections of the sensory epithelium of the inner ear were embedded, sectioned, and processed for immunocytochemical localization of actin, quantitative and qualitative differences were also apparent. In sections from plastic-embedded specimens (Figure 3a) , bright fluorescence was seen in the stereocilia projecting from the cuticular plate on the apical surface of the sensory hair cells. Actin was also prominently labeled in the supporting cells. The inner and outer pillar cells forming the tunnel of Corti had networks of actin filaments in their apical and basal domains, as well as in the bundles that span these regions. Actin was also seen in the filament bundles of the Deiters' cells that support the outer hair cells. Cytoplasmic staining in the cells was weak or absent.
In sections from PEG-embedded specimens (Figure 3b ), fluorescent localization of actin was much brighter and actin was observed in regions not seen in the plastic-embedded sections. Actin was seen not only in the stereocilia and cuticular plate of the sensory hair cells but also in the cortical network along the lateral wall of these cells. In the supporting cells, actin was seen not only in the bundles that support the sensory hair cells and lift the organ of Corti up off the basilar membrane, but bright fluorescence was also seen in the Deiters' cells, just below the base of the outer hair cells. In this region, it appeared that filaments in networks were stained in addition to diffuse staining surrounding the filaments.
When antibodies to tubulin were used to label microtubules in the inner ear sensory epithelium, there was a quantitative difference in staining between sections of plastic-embedded specimens and PEG speck-". In sections from plastic-embedded specimens (Figure 4a ), tubulin in microtubules was localized in the cell bodies of the outer hair cells, and in bundles in the inner and outer pillar cells and the Deiters' supporting cells. In sections from PEGembedded specimens (Figure 4b ), staining of microtubules was much more intense, showing prominent microtubule networks in the inner and outer sensory hair cells. In the supporting cells, microtubules were seen in the bundles where they were observed in the sections from plastic-embedded specimens. However, there was also d h e staining in the Deiters' cells. suggesting the localization of unpolymerized tubulin in monomer pools.
Discussion
The method we describe has enabled us to consistently cut 0.5-pm sections of very small specimens and isolated cells, which we have used for immunocytochemistry. The method is easier and faster than those that allow sections of similar thickness (semi-thin sections from plastic-embedded specimens). The procedure for embedding the small tissues in agarose before infiltration in PEG makes it easy to manipulate the specimens during processing and to group large numbers of small samples into one block so that each large section contains many small sections of different specimens. If the agarose block is trimmed properly before infiltration, there is no difficulty orienting specimens for proper plane of section. We can cut 0.5-pm sections on a standard microtome used in the electron microscopy laboratory. There is no need for a cyrostat (14) and no need to limit specimens to soft tissues (17) .
We have found that the easiest way to process the specimens using PEG is to use two heating blocks, one set at 37°C and one set at 60°C. Because the temperature at which PEG crystallizes and solidifies is just a few degrees below 60°C, we have found that it is best to keep the scintillation vials in some type of metal block that will act as a heat sink and prevent rapid changes in temperature while fluid changes are undertaken and specimen manipulations are in progress.
The mast difficult part of the process is the last step in which the PEG is being solidified. It may be difficult to find the clear, transparent agarose specimens in the liquid PEG, so effort must be made to keep the PEG liquid, the metal probe warm, and to work quickly under the dissecting microscope. The excess PEG must be wiped off the specimen before hardening it, since any that remains on the surface of the specimen will crystallize and crumble when sectioned. This will leave PEG shavings all over the knife and the knife edge will require frequent cleaning.
Temperature and humidity within the normal range do not affect sectioning, and only small adjustments to the microtome need to be made. However, our lab in the summer has reached 24°C with 60% relative humidity and we needed to readjust the settings on the microtome. During the winter, the relative humidity has been as low as 5%, which made sections fly off the knife. Since we have put relatively inexpensive (520) instruments to measure temperature, pressure, and humidity near the microtome, we now monitor these conditions and adjust the conditions accordingly. Furthermore, this technique is advantageous for immunocytochemistry in that it is not necessary to dehydrate specimens through alcohol before embedding (araldite or Lowicryl) or to rehydrate sections after removal of plastic (araldite). It is convenient to use because the simplified procedure allows a specimen to be obtained, processed, and stained in one day. Compared to other techniques that we and others have used, including araldite sections with plastic removed or Lowicryl sections with plastic remaining, the subcellular resolution in sections of PEG-embedded specimens is similar to or better than in semi-thin plastic-embedded specimens.
We demonstrate here that when sections of PEG-embedded specimens are compared with those of plastic-embedded specimens, the immunocytochemical localization of actin and tubulin differs both quantitatively and qualitatively. An increased labeling in the PEG sections, reflected by brighter fluorescence, confirms previous results by other investigators using other tissues (17) , in which sections from PEG-embedded specimens bound five times more antibody than wax sections and 30% more than frozen sections. It is interesting that in these experiments frozen sections showed less staining than PEG sections, suggesting that exposure to organic solvents is not the only reason for the decreased binding of antibody. Our results showing qualitative differences in the staining pattern for actin and tubulin in PEG sections further suggest that PEG embedding actually preserves actin and tubulin in the cells, perhaps retaining unprotected actin filaments and monomer pools of these two proteins during processing of the specimens.
With regard to actin, increased fluorescent staining was seen both in intestinal epithelial cells and in sensory cells of the inner ear. In the brush border, the microvilli and terminal web at the apical surface of the cells labeled positively for actin, as did the cortical network of actin filaments along the lateral wall. Actin in the smooth muscle cells and the lacteals was also labeled. These results are similar to those shown previously on sections from unfixed araldite-embedded specimens (21, 25) or fixed Lowicrylembedded specimens (23) . In the PEG-embedded specimens of the sensory epithelium of the cochlea, actin was seen in the sterocilia, cuticular plate, and the lateral walls of the sensory hair cells and in the filament/tubule bundles in the supporting cells, as has been seen previously in sections from unfixed araldite (20, 22) and fixed Lowicryl (24, 28) specimens. Results from this study show for the first time that actin is also present in large amounts in the Deiters' supporting cells, just below the base of the outer hair cells. Although this study was conducted in guinea pig, actin was similarly localized by immunocytochemistry in the gerbil cochlea, where it coincided with the rosette structure (composed of filaments and tubulocisternal endoplasmic reticulum) that has been identified by transmission electron microscopy (29) .
The PEG embedding method has therefore enabled us to demonstrate actin in regions of cells in which actin filaments are not highly organized and bundled. In regions in which actin is normally easily preserved (sarcomeres in skeletal muscle or actin bundles in stereocilia, microvilli, and stress fibers), filaments are believed to be protected by actin cross-linking proteins (e.g., fimbrin) and actin-binding proteins (e.g., tropomyosin). In the cortical network just beneath the plasma membrane of the cell, the actin filaments form a meshwork cross-linked by spectrin. This arrangement, lacking the stability conferred by a more highly organized struc-ture, can be easily damaged by fixation (30) (31) (32) (33) and dehydration (34) . These filaments can be preserved and observed by staining with fluorescence-labeled phalloidin. We are now able to do the same using conventional immunocytochemical techniques at the fluorescence microscope level.
It is not known if the actin identified in Deiters' cells in the PEG sections is present as a meshwork or represents monomer pools in this region. Some component of it is filamentous, since actin in the central regions stains positively with fluorescence-labeled phalloidin. However, not all of it is labeled, suggesting either that it is composed of filaments that are prevented from binding with phalloidin because specific binding sites are blocked by actin-binding proteins or that it is present as monomers or filaments too small to bind phalloidin. Since both phalloidin and antibody staining have been conducted on sections of specimens that have been infiltrated with aqueous PEG, both on serial sections or as doublelabeling protocols on the same section, the differential pattern of staining is not the result of processing through alcohols that could destroy unprotected actin meshworks and actin filament arrays (34) .
Staining for tubulin in the organ of Corti also showed increased sensitivity on the sections of PEG-embedded tissues. In all cases, the location of the microtubules was similar to that previously seen in sections of either fixed plastic-embedded specimens (35) or unfixed, freeze-dried plastic-embedded specimens (20, 22) , or in surface preparations (36) of the organ of Corti. There is a network of microtubules within the sensory hair cells, as well as bundles of microtubules within the supporting cells.
The best labeling of actin and tubulin in plastic-embedded specimens has been obtained in sections where specimens have been preserved with no fixation, only rapid freezing and freeze-drying. In these specimens, the fluorescent labeling was bright and subcellular resolution was excellent. However, good freezing of specimens is not predictable and is not consistently obtained throughout an entire specimen. The staining seen in sections of PEG-embedded material is as good as that seen in the unfixed material, and specimens can be fixed before embedding so that no special procedures or machines are necessary for freezing and freeze-drying.
The PEG embedding method has also been successfully employed by us to localize proteins other than actin. It has proven to be equivalent to plastic embedding in the localization of the calcium-binding protein calretinin, using immunofluorescence and immunoelectron microscopy with antibodies coupled to colloidal gold (unpublished results). It has been shown to be more sensitive than sections from plastic-embedded specimens in the localization of calmodulin, calbindin, and MAP2 (37, 38) .
